We report on a horn-shaped electro-optic scanner based on a ferroelectric LiTaO 3 wafer that is capable of scanning 632.8-nm light by an unprecedented 14.88°angle for extraordinary polarized light and by 4.05°for ordinary polarized light. The device concept is based on micropatterning ferroelectric domains in the shape of a series of optimized prisms whose refractive index is electric field tunable through the electro-optic effect. We demonstrate what we believe is a novel technique of using electro-optic imaging microscopy for in situ monitoring of the process of domain micropatterning during device fabrication, thus eliminating imperfect process control based on ex situ monitoring of transient currents.
Introduction
The ability to control the angular position of a laser beam with high speed is of interest in many applications including optical communications, optical data storage, laser printing, and display technologies. Solid-state electro-optic devices based on ferroelectrics such as LiNbO 3 and LiTaO 3 have several advantages over mechanical and other systems including small device size, high operating speed ͑in-trinsic response speeds of Ͼ100 GHz͒, and absence of moving parts. Electro-optic scanners, [1] [2] [3] lenses, 4 and frequency converters 5 have been demonstrated on LiNbO 3 and LiTaO 3 ferroelectric wafers with micropatterning of domains in diverse shapes and sizes.
In this paper we design and demonstrate a hornshaped scanner on a LiTaO 3 wafer capable of scanning 14.88°, which we believe is one of the largest scan angles reported so far for this technology. In general, the horn-shaped scanner design offers greater scanning angles compared with similar rectangular scanners. 6, 7 We also introduce for the first time to our knowledge a technique for direct in situ monitoring of the domain-reversal process during device fabrication with electro-optic imaging microscopy. 8 This technique eliminates erratic devices resulting from a lack of control of the domain micropatterning process in ex situ monitoring of the domain reversal through transient currents. 9 The layout of the paper is as follows: The design and layout of the device are reported in Section 2. The in situ monitoring of the domain micropatterning process during device fabrication is discussed in Section 3. A discussion of device performance is presented in Section 4, followed by conclusions in Section 5.
Design

A. Theory of Electro-Optic Scanning
The most basic geometry for deflecting light is by use of an optical prism. In paraxial approximation, in which the deflection angles are small, one can use a series of prisms in sequence, each prism successively deflecting the light beam further and further from the optic axis. The simplest scanner design is a rectangular scanner geometry that consists of N identical prisms placed in sequence, each with base l and height W, such that the total length of the rectangular scanner is L ϭ Nl and the width is W. The total deflection angle, int , at the output for a light beam incident along the axis, L, of the rectangular scanner is given by 10
where n is the index of refraction of the material and ⌬n is the index difference between the prism and the surrounding matrix, where ⌬n Ͻ Ͻ n. These prisms are fabricated in an electro-optic medium for which the refractive index is n, and therefore the ⌬n is electric field tunable. This results in an electricfield-controlled deflection angle int . Further, when the deflected light beam exits the electro-optic material ͑index, n͒ into air ͑index, 1͒, the output deflection is enhanced further by Snell's law as ext ϭ sin Ϫ1 ͓n sin͑ int ͔͒. Such rectangular scanners have been demonstrated in LiTaO 3 . [1] [2] [3] 11 Equation ͑1͒ shows that the longer the device, L, of such a scanner and the narrower the width, W, the higher the deflection angle int . However, closer examination illustrates the competing effects of design parameters. The width, W, of the scanner should be as small as possible to increase the deflection angle but large enough to completely enclose the trajectory of the beam inside the device. Noting that the pivot point for deflection in a rectangular scanner lies at the center of the rectangle, 6 we see that the maximum deflection angle is limited to int,max ϭ tan
Ϫ1
͓͑W Ϫ2w͒͞L͔ where w is the radius of the light beam at the output of the scanner. This second constraint reflects that the maximum deflection angle, max , for a rectangular scanner is proportional to W͞L, which therefore imposes restrictions on reducing the width and simultaneously increasing the length indefinitely for achieving higher deflection.
The deflection angle could be enhanced if the width was decreased to be as small as permitted by beam diameter at the input but was gradually increased so that it just accommodated the trajectory of the beam. Assuming that the length of the scanner is large relative to the width ͑L Ͼ Ͼ W͒ and that the maximum change in the index is small compared with n e ͑⌬n Ͻ Ͻ n e ͒, we determine that the lateral position of the beam x͑z͒ from the optic axis is determined as a function of propagation distance z as 7
where the scanner width W͑z͒ for a Gaussian beam is given as
where 0 is the free-space wavelength, w o is the beam waist, and z o is the position of the beam waist.
In a uniaxial electro-optic crystal such as LiTaO 3 or LiNbO 3 the refractive indices are electric field tunable. If the uniaxial direction is denoted by subscript 3, then a decrease in the refractive extraordinary index n e ͑or n 3 ͒ with the application of an electric field E 3 parallel to the spontaneous ferroelectric-polarization direction is given by ⌬n e ϭ Ϫ 1 ⁄2n e 3 r 33 E 3 , and a decrease in the ordinary index n o ͑index perpendicular to z axis͒ is given by ⌬n o ϭ Ϫ 1 ⁄2n o 3 r 13 E 3 . If the electric field E 3 is antiparallel to the spontaneous polarization direction, then indices n e and n o increase by the corresponding amounts shown above ͑i.e., change of sign from minus to plus in the above equations for ⌬n e and ⌬n o ͒.
If ferroelectric domains were created in the shape of a series of prisms in a z-cut crystal of LiNbO 3 or LiTaO 3 , one can create an electro-optic scanner. Without an electric field the refractive indices inside and outside the domain prisms will be identical, thus resulting in no deflection of light. When a uniform electric field is applied across the z-cut crystal in the z direction, the electric field E 3 is parallel to the spontaneous polarization in one domain and antiparallel in the other. This results in an index difference in the extraordinary and the ordinary indices of ͑n prism Ϫ n matrix ͒ ϭ Ϯ2⌬n e and Ϯ2⌬n o , respectively, across the ferroelectric-domain walls defining the prisms. This index change will be positive when E 3 is positive in the matrix ͑parallel to the spontaneous polarization͒, and the index change will be negative when E 3 is negative in the matrix ͑antiparallel to the spontaneous polarization͒. In this scanner design an electric field of either polarity will deflect the beam, one polarity deflecting the beam to the right, the other to the left.
B. Horn-Shaped Scanner Design and Simulation
With Eqs. ͑2͒ and ͑3͒, a horn-shaped scanner was designed. It is shown in Fig. 1 . This scanner is designed for an input beam of Ͻ150-m diameter and operates at Ϯ15 kV͞mm, which translates to Ϯ4.29 kV across the 286-m-thick z-cut LiTaO 3 crystal used in this study. The limiting device operation field in congruent z-cut LiTaO 3 wafers is ϳ21 kV͞mm, which is the coercive field for this material. 8 The designed scanner had ten prism sections. The input width, W 1 , is 250 m; the output width, W 2 , is 1500 m; and the total length of the device, L, is 15 mm. Figure 1 shows a beam-propagation method ͑BPM͒ simulation of the designed device. 12, 13 The input light is polarized in the extraordinary direction, the index of refraction 14 is taken as 2.1818, and the r 33 value 15 is taken as 30.5 pm͞V. The simulation predicts that at a field of Ϯ15 kV͞mm the beam will be deflected by Ϯ8.1°, or a total of 16.2°, at the device output.
Fabrication
The device was fabricated on a z-cut single crystal of LiTaO 3 wafer which was 286 Ϯ 5 m thick. Domain micropatterning was performed as follows: A photoresist pattern resembling the device shown in Fig.  1 was defined on the ϩz face of the crystal surface with conventional contact photolithography. A uniform tantalum ͑Ta͒ electrode was then deposited on the sample by dc sputtering. This was followed by a lift-off process, which removes the metal in areas beneath which the photoresist is present, by means of dissolving the underlying photoresist pattern in acetone. This process leaves behind a complementary Ta-film pattern on the crystal surface resembling the horn-shaped scanner shown in Fig. 1 , with the Ta defining the complement of the area of the prisms composing the scanner. A photoresist coating is then deposited uniformly on the surface of the sample, across both electrode and crystal features and baked at 100°C for 30 min or more to remove any solvents. This layer has been found to improve selectivity of the domain-reversal process by suppression of domain reversal beyond the electrode edges, which is achieved by reduction of surface conduction in areas without the electrode. For domain inversion a ϳ21-kV͞mm electric field is applied across the crystal. The positive electrode is the Ta-film pattern on the ϩz face to which electrical contact is made by means of piercing through the surface photoresist while a uniform water electrode is used on the Ϫz face as the ground. A schematic of the domain-reversal apparatus is shown in Fig. 2 .
The domain reversal in the sample was performed in situ, and the nucleation and growth of domains were continually monitored with electro-optic imaging microscopy, 8 which takes advantage of the index difference 2⌬n o across a domain wall on application of an electric field E 3 ͑the same concept used for operation of the electro-optic scanner͒. This index difference at the wall will cause scattering of transmitted or reflected light in the crystal. This can be used to image domain walls through the crystal thickness in a z-cut crystal in an optical microscope, with or without any polarizers. However, the presence of polarizers and a Nomarski slider ͑also called differential interference contrast͒ is found to improve the contrast significantly. In this way the movement of the 180°domains could be directly observed during the domain patterning process. Figure 3 shows selected frames from the in situ observation of such a poling process during the device fabrication. The spacing between successive frames is 3 s. The white triangular-shaped area at the right-hand side of each frame is the vertex of one of the prism triangles that does not have Ta film, whereas the rest of each frame is the Ta electrode. Nucleation occurs at the electrode edges and advances to the left-hand side into the Ta electrode.
At a given applied electric field, nucleation and growth occur at different rates. In LiTaO 3 a higher electric field exponentially increases both the number of nucleation sites and lateral domain wall velocity. 16, 17 The ideal conditions for domain patterning during device fabrication are a combination of homogeneous nucleation and moderate wall velocities. Inhomogeneous nucleation results in the completion of domain reversal in areas under the electrode where nucleation occurs first, whereas other areas under the electrode may not undergo domain reversal until much later. Eventually, this leads to overshooting Fig. 2 . Schematic of in situ domain micropatterning apparatus with simultaneous optical imaging system in reflection mode to track domain nucleation and growth during device fabrication. Fig. 3 . Selected video frames from in situ observation of domain growth in a patterned LiTaO 3 with optical imaging in reflection. Three regions, labeled in frame ͑f ͒ are, the original crystal beneath a Ta film electrode ͓region ͑3͔͒, the domain-inverted region underneath the Ta-film electrode ͓region ͑2͔͒, and the original crystal with no Ta-film electrode forming the prism pattern ͓region ͑1͔͒. The dark region is contrast visible at the boundary between domains. Domain growth starts at the electrode edge and advances into the electrode. Each successive frame shown here is separated by 3 s.
of the domain beyond the electrode edges in the former areas while the domain reversal is being completed in the rest of the areas. Since domains always start nucleating at the edges of the metal pattern, longer switching times will result in more overshooting of domains beyond the pattern. However, a fast wall velocity results in a short switching time and therefore does not allow a real-time control of the process. The appropriate electric field or transient current that allows for a uniform nucleation and moderate domain wall motion was experimentally determined. In our case, when the transient current was near 1.2 A, the domain nucleation was uniform and the domain walls moved at a controllable rate of 3-19 m͞s. A computer program monitored the current and controlled the voltage during poling. A starting voltage of 5000 V was applied to the sample and increased at a rate of 5 V͞s. When the current crossed 1.2 A ͑referred to as the clamping current͒, the voltage was automatically held constant. When the current fell below the clamping current, the voltage was again increased at rate of 5 V͞s until the current reached the clamping current. In this way the transient current was kept at near the optimal value of 1.2 A Ϯ 0.223. A graph of the voltage and current data from the poling is shown in Fig. 4 . The inset plot shows a magnification of the current and voltage data over a 2-s interval with the horizontal line showing the clamping current. As the current drops below the clamping current, the voltage is increased, which in turn increases the current. Through a combination of controlling the transient current and direct domain observation, a well-controlled domain-reversal process is achieved. Domain reversal in areas not covered by the electrode is thus minimized. The total switching time here was ϳ140 s, and the average domainreversal rate was ϳ2.4 mm 2 ͞s.
Testing
As a final step the surfaces of the poled crystal were coated with an electrode layer leaving an uncoated border of at least 1 mm on each edge to inhibit shorting. The input and the output faces are then hand polished to a final optical grade of 0.25-m surface finish with colloidal silica. Contact with the electrodes is established with copper tape, and the device is then mounted between two insulating rubber layers to further inhibit discharge during operation. Voltages of as high as Ϯ4.05 kV were applied across the scanner without inducing breakdown. The scanning angle was determined as a function of the applied voltage with use of the testing apparatus shown in Fig. 5 . Collimated light from a 632.8-nm He-Ne laser, polarized along the z axis of the crystal, is focused with a circular lens such that the beam passes through the wafer without being clipped by the surfaces at the input thickness aperture of the wafer. A beam of radius 0.6 mm is focused through a plano-convex lens with a focal length of 100mm. The input face of the device is placed ϳ91 mm from the lens. The beam is then focused to a 50-m beam radius inside the crystal at the midpoint of the device. A CCD camera placed at the output of the device is used to monitor the intensity profile of the beam.
To determine the deflection angle of the scanner, the change in the position of the centroid of the Gaussian intensity distribution in the horizontal plane of the camera is found at two distances from the output edge of the device, D 1 ϭ 37.73 mm and D 2 ϭ 86.7 mm. For a centroid displacement of ⌬x 1 at the D 1 camera position and ⌬x 2 at the D 2 camera position, the deflection angle is given by ϭ tan Ϫ1 ͑⌬x 2 Ϫ ⌬x 1 ͒͑͞D 2 Ϫ D 1 ͒. The deflection angle is measured as a function of the applied voltage and at different input polarizations. These are plotted in Figs. 6 and 7. For extraordinary polarized input light ͑along the ferroelectric-polarization direction͒ the measured voltage dependence of the deflection angle is 31.45 mrad͞kV ͑1.802°͞kV͒ and the maximum deflection angle is Ϯ7.44°͑a total of 14.88°͒ at Ϯ4.05 kV. A theoretical estimate as determined by BPM simulation is plotted on the same graph ͑see Fig. 6͒ . Sim- Imperfect polishing of the faces of the device can result in errors such as the rounding or skewing of the output face relative to the scanner. The skewing of the output face would result in an asymmetry in the scan angle between the positive and the negative electric field polarities. Our data showed a slight asymmetry in both light polarizations. In the extraordinary polarization, at ϩ4050 V the measured angle is Ϫ7.158°, and for Ϫ4050 V the measured angle is 7.440°. A skew of the output face of 0.06°f rom the plane perpendicular to the optic axis of the device would cause this amount of asymmetry. The rounding of the output edge would result in a weak lens that can decrease the scan angle at the output. Measurements of the polished output surface show a residual positive surface curvature that has a radius of 810 Ϯ 40 mm. This amount of curvature would reduce the output scan angle by approximately 1.0%. The error in the value of the electro-optic coefficients r 33 and r 13 used in the simulation is also at least a few percent. 15 Therefore the excellent match between theory and experimental deflection in the case of extraordinary polarized light is somewhat fortuitous.
The number of resolvable spots was determined as follows. The width of the beam ͑defined here as the diameter at which the intensity drops to 1͞e 2 of the peak value͒ was determined at a plane of D ϭ 37.73 mm from the output edge of the device. A multipleexposure image of the beam profile is shown in Fig. 8 for extraordinary polarized light. The voltage for each exposure was varied incrementally from Ϫ3820 to ϩ3820 V such that each profile was separated by approximately one spot diameter with a maximum angular deflection of approximately 13.75°. One observes a total of 17 resolvable spots, which amounts to 2.23 spots͞kV. Theoretical estimations based on BPM simulation of total number of resolvable spots give 18.49 spots ͑at Ϯ4050 V͒ or 2.43 spots͞kV. This in practice translates to 17 full spots ͑center spot plus 8 spots in each scan direction as shown in Fig. 8͒ with the rest of 1.49 spots split as partial ϳ0.75 spots, one at the extreme deflection angle in each of the scanning directions. For ordinary polarized light the number of resolvable spots was measured to be 3.75 spots ͑3 full spots͒ for Ϯ 4050V, or 0.46 spots͞kV. The theoretical BPM predictions yield 5.69 spots in the range Ϯ4050 V, which corresponds to 0.703 spots͞kV. The discrepancy arises from the fact that the measured scan angle is lower than the predicted scan angle by BPM by ϳ5.6%. The scan speed for this device has not been measured yet. Although the intrinsic response of the electro-optic effect is known to be well within the 100-GHz range, our device performance is currently limited by the requirement of large voltages. Previous scanners of similar design but lower scan angles have shown nondegraded performances up to 10 MHz at lower voltages. 18 
Conclusions
We have successfully demonstrated the enhanced scanning angle of a shape-optimized scanner fabricated in a z-cut single-crystal LiTaO 3 wafer. The device was fabricated with a new technique for in situ monitoring of domain reversal during device fabrication with use of electro-optic imaging microscopy. A measured deflection angle of 31.45 mrad͞kV ͑1.80°͞ kV͒ and a maximum deflection of 14.88°were observed for extraordinary polarized light, and 8.9 mrad͞kV ͑0.51°͞kV͒ and a maximum deflection of 4.2°were observed for ordinary polarized light. The total number of resolvable spots ͑based on 1͞e 2 diameter separation criterion͒ was 17 for extraordinary polarized light and 3 for ordinary polarized light.
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